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Modrek, B., Resch, A., Grasso, C., and Lee, C. (2001). Nucleic Acidsatedwith developmentally regulated splicing. Twoof the
Res. 29, 2850–2859.three genes (cardiac troponin T and CaMKII) normally
Sanford, J.R., Gray, N.K., Beckmann, K., and Caceres, J.F. (2004).undergo early postnatal splicing transitions. In ASF/SF2-
Genes Dev. 18, 755–768.deficient mice, patterns inappropriate for adult heart
Xu, X., Yang, D., Ding, J.H., Wang,W., Chu, P.H., Dalton, N.D., Wang,were induced. The third gene, Cypher, which normally
H.Y., Bermingham, J.R., Ye, Z., Liu, F., et al. (2005). Cell 120, thismaintains its cardiac splicing pattern during postnatal
issue, 59–72.
heart development, switched to the skeletal muscle iso-
form. Current models indicate that cell-specific splicing
in vertebrates results from the repression of cell-specific
patterns in inappropriate cell types and activation in the
appropriate cell types (Black, 2003). It is not surprising UPS Shipping and Handling
that disruption of this balance results in the appearance
of inappropriate, and perhaps competing, splicing pat-
terns.
It remains to be determined whether the three misreg- It is now clear that the two broad sets of reactions in
the ubiquitin-proteasome system (UPS), the conjuga-ulated pre-mRNAs are direct targets of ASF/SF2 in that
responsiveness to ASF/SF2 is mediated via direct RNA- tive and degradative steps, are intricately coupled
in vivo and that there are numerous factors that aidprotein interactions. Given the recently identified roles
for ASF/SF2 in mRNA export, mRNA stability, and trans- in the handling and delivery of ubiquitylated proteins
to the proteasome. The report from Richly et al. (2005lation (Sanford et al., 2004 and references within), it
is possible that loss of ASF/SF2 affects expression of [this issue ofCell]) suggests how several of the known
players in this process might work together in guidingproteins that bind and regulate one or more of these
pre-mRNAs. Either way, the new results establish a criti- and delivering some substrates to their final destina-
tions.cal role for ASF/SF2 in maintaining appropriate cell-
specific splicing patterns of specific pre-mRNAs. Fur-
ther investigation will reveal its explicit role(s) along the The UPS is a major route for regulated protein destruc-
continuum of what is likely to be a regulatory cascade. tion in eukaryotic cells and is central to the regulation
Fu and colleagues (Xu et al., 2005) also demonstrated of an astounding array of biological pathways. Ubiquitin
that splicing abnormalities observed in ASF/SF2-defi- is covalently conjugated to target proteins in the form
cient hearts were not observed in hearts deficient for of specific types of polyubiquitin chains, anchored on
another SR protein, SC35 (Ding et al., 2004), demonstra- one or more lysine side chains of the target protein. The
ting clear and important functional differences between enzymes that catalyze ubiquitin conjugation are thewell-
these two SR proteins. characterized E1 and E2 enzymes, along with the much
This and other recent studies (Ding et al., 2004; Jensen more numerous and diverse E3 enzymes. A fourth group
et al., 2000; Kanadia et al., 2003)mark a newand exciting of enzymes, the E4 enzymes, typified by yeast Ufd2,
direction for investigations of splicing regulation in ver- have been previously shown by Jentsch and coworkers
tebrates. The field is wide open, the tools are available, to recognize short ubiquitin chains and catalyze their
and the analysis of “functional” alternative splicing is extension (Koegl et al., 1999). The 26S proteasome inter-
just beginning. acts with polyubiquitylated proteins and in a concerted
series of events removes the ubiquitin moieties, unfolds
the target proteins, and translocates the target protein
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Ding, J.H., Xu, X., Yang, D., Chu, P.H., Dalton, N.D., Ye, Z., Yeakley,
and, in a more limited role, Cdc48 and its cofactors,J.M., Cheng, H., Xiao, R.P., Ross, J., et al. (2004). EMBO J. 23,
Ufd1 and Npl4. Rpn10 is a UIM (ubiquitin interacting885–896.
motif)-containing chain recognition factor intrinsic to theGraveley, B.R. (2000). RNA 6, 1197–1211.
19S complex of the proteasome. Rad23 and Dsk2 are
Jensen, K.B., Dredge, B.K., Stefani, G., Zhong, R., Buckanovich,
reversibly associated proteasome cofactors that bindR.J., Okano, H.J., Yang, Y.Y., and Darnell, R.B. (2000). Neuron 25,
ubiquitylated proteins and promote degradation of359–371.
some substrates. Rad23 and Dsk2 have a second typeKanadia, R.N., Johnstone, K.A., Mankodi, A., Lungu, C., Thornton,
of ubiquitin binding domain, the UBA domain, as wellC.A., Esson, D., Timmers, A.M., Hauswirth, W.W., and Swanson,
as a UBL domain, which bears homology to ubiquitinM.S. (2003). Science 302, 1978–1980.
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of a limited array of substrates, principally membrane- So does the sequential hand-off model apply to any
associated proteins and ER-localized (ERAD) sub- natural substrates of the UPS? An obvious substrate to
strates, and to also bind ubiquitylated substrates. The examine was Spt23 since UFD pathway gene products
relationships of these different factors to each other in have been previously implicated in regulation of Spt23
targeting of ubiquitylated proteins to the proteasome is (Rape et al., 2001). Spt23 is a transcription factor that
still being worked out with respect to redundancy and regulates expression of theOLE1 gene, encoding a fatty
cooperation, although it appears certain that there are acid desaturase. Spt23 is synthesized as a precursor
multiple, independent routes to the proteasome (Elsas- protein, tethered to the external surface of the ER. In
ser et al., 2004; Hartmann-Petersen et al., 2003; Verma response to oleic acid content, Spt23 is subject to ubi-
et al., 2004). The work by Jentsch and coworkers in this quitin-mediated proteosomal processing, analogous to
issue (Richly et al., 2004) adds some interesting twists the processing of the NF-B precursor in mammalian
as to how some of these factors might cooperate in cells. Processed Spt23 (p90) is then escorted to the
handling anddelivering certain ubiquitylated substrates, nucleus by Cdc48 and its cofactors, where it can act as
such asSpt23, to the proteasome in yeast. They propose a transcription factor for OLE1 expression. Importantly,
a sequential hand-off of ubiquitylated proteins from a too much oleic acid can be as bad for yeast cells as
substrate recruiting complex (Cdc48/Ufd1/Npl4), to a too little, and consistent with their proposed model,
multi-ubiquitin chain assembly complex (Ufd2), to a pro- ufd2 as well as rad23dks2 double mutants were
teasomal targeting complex (Rad23 or Dsk2), which ulti- hypersensitive to oleic acid due to apparent stabilization
mately delivers the substrate to the proteasome. While of p90. Since processing was not affected by these
most of the interactions between these factors have mutations, the interpretation is that these factors coop-
been previously reported, the sequential hand-off of erate downstream of Cdc48/Ufd1/Npl4 in the eventual
ubiquitylated substrates, from one ubiquitin chain bind- degradation of p90 by the proteasome. Cdc48 and its
ing protein to the next, is the novel feature of this model. cofactors also play an important role in degradation of
Most of their experiments center on artificial sub- ERAD substrates, mobilizing ubiquitylated substrates
strates of the UPS, so-called UFD (ubiquitin fusion deg- from the ER surface to the proteasome. Evidence is
radation) substrates that consist of ubiquitin fused in presented that Ufd2 and Rad23/Dsk2 act downstream
frame to another protein (e.g., protein A, -galactosi- ofCdc48 in this pathwayaswell. Therefore, Spt23, ERAD
dase). They demonstrate, in a purified in vitro system, substrates, as well as other UFD substrates might all
that a UFD substrate is oligoubiquitylated (one or two be subject to a sequential hand-off model for proteaso-
ubiquitin moieties) by E1, Ubc4, and Ufd4 (a HECT E3 mal degradation.
enzyme). The addition of Ufd2, the E4 enzyme (or a The proposed model, as well as other recent work,
specialized type of E3), then catalyzes extension of the raises several interesting questions. First, why are ubi-
ubiquitin chain. It had previously been shown that Ufd2 quitin binding proteins needed to escort proteins to the
binds to Cdc48, and they show in vivo that Ufd2 binding proteasome at all? Is it simply to protect them from
to Cdc48 is partially dependent on the Ufd1 and Npl4 deubiquitylation? Do some of these proteins ensure that
cofactors. These same cofactors promote binding of the ubiquitin chain is optimal for proteasome recogni-
ubiquitin conjugates to both Cdc48 and Ufd2, both tion? The chain-limiting function of Cdc48 on Ufd2 activ-
in vivo and in vitro. Therefore, the authors propose that ity suggests that too much ubiquitylation might actually
Cdc48 and its cofactors are involved in “collecting” oli- be detrimental to protein degradation. Related to this
goubiquitylated UFD substrates for delivery to Ufd2. issue, one wonders what limits Rsp5 activity to simply
One of the more interesting observations is that the monoubiquitinating Spt23 at the ER membrane, when
association of Cdc48 with Ufd2 restricts the length of Rsp5 catalyzes very efficient polyubiquitylation of Spt23
the polyubiquitin chains that are formed by Ufd2, and in vitro (Shcherbik et al., 2004). The hand-off model for
this plays into the next proposed hand-off. Rao and
Spt23degradation also implies thatCdc48 and its cofac-
coworkers have previously shown that Ufd2 binds to
tors may remain associated with oligoubiquitylated
Rad23 through the UBL domain of Rad23 (Kim et al.,
Spt23 during the time that it is active as a transcription2004). The UBL domain of Rad23 also mediates its inter-
factor, which is testable. Like any interestingmodel, thataction with the proteasome, and Ufd2 and the protea-
proposed by Jentsch and coworkers will certainly spursome compete for binding to Rad23. Richly et al. show
further efforts to properly track the delivery of ubiqui-that Ufd2 can bind simultaneously to theCdc48 complex
tylated cargo to the proteasome.and Rad23, and that separate domains of Ufd2 mediate
these interactions. These observations are in part the
basis for the sequential hand-off model from the Cdc48/ Jon M. Huibregtse
Ufd1/Npl4 complex, which collects substrates with Institute for Cellular and Molecular Biology
mono- or otherwise short ubiquitin chains, to Ufd2, Section of Molecular Genetics and Microbiology
which extends the chains, in a limited manner, in order University of Texas at Austin
to hand-off the properly configured substrate to Rad23 Austin, Texas 78712
and, from there, to the proteasome. It is particularly
intriguing that the length of the chains formed by Ufd2 Selected Reading
in the presence of Cdc48 are the optimal length for
binding to the UBA multi-ubiquitin binding domain of Elsasser, S., Chandler-Militello, D., Muller, B., Hanna, J., and Finley,
D. (2004). J. Biol. Chem. 279, 26817–26822.Rad23. Importantly, however, it has not yet been deter-
mined whether Ufd2-catalyzed chain length is limited Hartmann-Petersen, R., Seeger, M., and Gordon, C. (2003). Trends
Biochem. Sci. 28, 26–31.in vivo.
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Kim, I., Mi, K., and Rao, H. (2004). Mol. Biol. Cell 15, 3357–3365. on an accessory protein(s), which functionally interacts
Koegl, M., Hoppe, T., Schlenker, S., Ulrich, H.D., Mayer, T.U., and with the channel. Prime candidates for this role are low-
Jentsch, S. (1999). Cell 96, 635–644. affinity calcium storage proteins such as the ubiquitous
Rape, M., Hoppe, T., Gorr, I., Kalocay, M., Richly, H., and Jentsch, ER calciumstorage protein/lectin chaperone calreticulin
S. (2001). Cell 107, 667–677. and the muscle-specific calsequestrin. For calseques-
Richly, H., Rape, M., Braun, S., Rumpf, S., Hoege, C., and Jentsch, trin, this appears to be the case and together with its
S. (2005). Cell 120, this issue, 73–84. interacting partners, junctin and triadin, mediate cal-
Shcherbik, N., Kee, Y., Lyon, N., Huibregtse, J.M., and Haines, D.S. cium-dependent regulation of RyR opening. In this
(2004). J. Biol. Chem. 279, 53892–53898. model, at low lumenal calcium, calsequestrin is stabi-
Verma, R., Oania, R., Graumann, J., and Deshaies, R.J. (2004). Cell lized in a tight complex with RyRs by triadin and junctin,
118, 99–110. inhibiting channel opening. Increasing calcium results
in a weakening of the complex and channel opening is
favored (Gyorke et al., 2004). The mechanism by which
InsP3Rs are regulated from the lumen, however, is less
clearly defined. Calreticulin has been shown to bind toRedoxing Calcium from the ER
InsP3Rs in a glycosylation-dependent manner, although
the function of this interaction was proposed to promote
the correct folding of the channel and not to regulate
channel activity (Joseph et al., 1999). Binding of theInositol 1,4,5-trisphosphate (InsP3)-induced calcium
ER and secretory granule-localized, low-affinity, high-release from the endoplasmic reticulum (ER) intracel-
capacity calcium binding proteins chromogranin A andlular calcium store regulates cellular functions from
B to InsP3Rs results in increased open probability andthe beginning of life at fertilization until death. In this
mean open time of channels. Since chromogranin ex-issue of Cell, Mikoshiba and colleagues describe a
pression is dynamic, it is likely that itmay simultaneouslynovel mode of regulation of the InsP3 receptor (InsP3R)
regulate intracellular calcium storage capacity andgoverned by ER luminal redox status, calcium, and pH
InsP3R activity (Choe et al., 2004). Due to the limited(Higo et al., 2005).
tissue distribution of chromogranin expression, whether
it acts as a general regulator of InsP3R function remainsThe ER and its muscle equivalent, the sarcoplasmic
to be determined.reticulum (SR), are major sites of intracellular calcium
In this issue of Cell, using a proteomic approach, Mi-storage. Following cellular stimulation, calcium is re-
koshiba and colleagues identify a novel InsP3R acces-leased from the ER/SR principally through the ryanodine
sory protein that confers upon the receptor calcium, pH,receptor (RyR) and InsP3R calcium release channels. and redox sensitivity (Higo et al., 2005). In this study, aSubsequently, calcium is sequestered into the store by
polypeptide fragment of the InsP3R which spans its thirdATP consuming pumps known as the sarco-endoplas-
lumenal loop (containing consensus sites for glycosyla-mic reticulum calcium ATPases (SERCAs). Thus, the dy-
tion and cysteine residues sensitive to thiolmodification)
namic equilibrium of these two processes shapes cal-
was used as bait to fish for interacting partners in a
cium signals in amplitude, space, and time (Berridge et
brain lysate. One of the proteins isolated was identified
al., 2003). Whereas InsP3Rs are regulated in a bell- as ERp44. Furthermore, although there is significant ho-
shaped manner by cytosolic calcium and InsP3, RyRs mology in this region between the three InsP3R isoforms,can beactivated by increases in cytosolic calciumalone. the authors determined that the interaction was specific
Channel activity is also subject to regulation by cytosolic for the type 1 InsP3R. ERp44 is an ER lumenal proteinnucleotides, redox state, posttranslational modification, that belongs to the thioredoxin protein family, members
and binding of accessory proteins (Berridge et al., 2003). of which also include protein disulphide isomerase (PDI)
For example, binding of the Bcl-2 protooncogene to and ERp57. These proteins assist in oxidative protein
InsP3Rs inhibits channel opening protecting the cell from folding catalyzing the formationof disulphide bonds (An-
death, whereas binding of cytochrome C, which is re- elli et al., 2002). The ERp44-InsP3R interaction is depen-
leased from mitochondria during apoptosis, inhibits dent on the presence of cysteine residues in their re-
InsP3R inactivation, promoting apoptosis (Hanson et duced form in the InsP3R peptide, indicating specificity
al., 2004). for thiol modification of the channel by ERp44. Further-
The positive correlation between the state of filling of more, the interaction was sensitive to ER lumenal cal-
the calcium store and the quantity of calcium released cium with concentrations above 100 M causing disso-
suggests that these channels are also subject to regula- ciation of ERp44 from the InsP3R. This places the
tion from the ER/SR lumen. This regulatory mechanism calcium sensitivity of the association within the physio-
would thus serve to either promote or inhibit calcium logical rangeof ER lumenal calciumconcentrationwhich
release from full or empty stores, thereby preventing rangesbetween 80and200Mwhen full anddecreasing
their complete emptying and resulting pathophysiologi- to between 10 and 100 M following stimulation. The
cal consequences. Thus, research has been focused on functional effect of ERp44 on InsP3R activity was shown
identifying the lumenal calcium sensor for both of these using two separate approaches. By single-cell imaging
channels. Although calcium binding sites have been of HeLa cells, the authors demonstrated that agonist-
identified on the lumenal face of the InsP3R and RyR, induced calcium release was inhibited by overexpres-
whether these sites are functional remains contentious sion of ERp44 and potentiated by siRNA-mediated
(Sienaert et al., 1996; Ching et al., 2000). Alternatively, knockdown of endogenous ERp44. No effect of ERp44
overexpression was observed on agonist-induced cal-it has been proposed that the calcium sensor is located
